In this study, the form and operation modes of a novel solar-driven cogeneration system consisted of various solar collectors (flat plat collectors (FPC), evacuated tube collectors (ETC), and parabolic trough collectors (PTC)) and ORC (organic Rankine cycle) based on building heating load are analyzed. This paper mainly obtains the fitting formula of thermal efficiency of the ORC power generation device and determines the form and operation mode of the cogeneration system. The form is the same, but the operation modes are different for PTC and FPC or ETC. There are six operating modes, respectively, based on the size relationship between the heating load of buildings and the effective heat collection of the solar collector subsystem when the solar collectors are PTC or FPC and ETC.
Introduction
Solar energy is a reliable energy, and the solar water heating system is one of the applications of solar energy which has drawn a great attention in this field. But the solar water heating technology has some problems like the system is not utilized in nonheating season and the equipment utilization rate is low. Due to the idle of the solar water heating system and the lack of operation and maintenance, the solar water heating system has a low service life and poor reliability. Wang et al. [1] conducted a follow-up investigation and analysis of 28 solar water heating systems in Tibet, and the results showed that most of them were in a state of paralysis after about 3 years of operation, which was then replaced by the high-energy fuel boiler or electric boiler heating system. One of the most important reasons is that the solar collector system is idle in nonheating season and lacks operation and maintenance.
If the idle solar collector system can be fully utilized and the solar radiation can be converted into available electric energy in nonheating season, it can not only improve the reliability of solar water heating system and increase the utilization rate of the equipment but also reduce the local consumption of petrochemical energy.
However, the outlet temperature of the solar collectors for the heating system is low for thermal power generation based on the Rankine cycle. Organic Rankine cycle (ORC) enables an efficient power generation unit from low-grade heat sources by replacing water with organic working fluids, such as refrigerants or hydrocarbon. Thus, the solar collectors and ORC can form a solar thermal power generation system in nonheating season and a solar-driven cogeneration system in heating season. This paper mainly discusses the solar-driven cogeneration system consisted of the solar collectors and ORC.
Through literature review, there are very few studies on the combination of the solar collector and ORC thermal generator set to realize heating and power generation, and the research mainly lies in the thermodynamic analysis of the system [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . Zhai et al. [2] studied a novel hybrid solar trigeneration system based on the use of a parabolic trough collector (PTC), a screw expander, and a silica gel-water adsorption cooling module in Dunhuang, China. The energy and exergy efficiencies of the system were estimated at 58% and 15.2%, respectively. Al-Sulaiman et al. [3] [4] [5] studied a novel trigeneration system using the parabolic trough collectors and an ORC, which used the solar energy to heat the organic working medium to generate steam to drive the turbine to generate power and at the same time used the waste heat of steam for heating and cooling. Since the solar radiation intensity varies with time throughout the day, the operating mode of the system is divided into three parts, namely, solar mode, storage mode, and solar and storage mode, and the thermoelectric conversion efficiency and cogeneration thermal efficiency of each operation mode are analyzed. The results show that the maximum thermal efficiency of solar mode is 15% and the maximum cogeneration thermal efficiency is 94%. The maximum thermal efficiency of solar and storage mode is 7%, and the maximum cogeneration thermal efficiency is 47%. The maximum thermal efficiency of the storage mode is 6.5%, and the maximum cogeneration thermal efficiency is 42%. Wang [6] analyzed a novel modular system combining cooling, heating, and power generation and found that when the output electricity is constant, the overall efficiencies of energy and exergy of the system operating at the CCHP mode are 9.37 times and 2.62 times as big as those of the system operating at the solar thermal power mode. Al-Ali and Dincer [7] investigated a multigenerational integrated geothermal-solar system with two ORCs and an absorption chiller to produce electrical power, cooling, space heating, and hot water. The energy and exergy efficiencies of the system were found to be 78% and 36.6%, respectively. Kalogirou et al. [8, 9] presented a review of exergy analysis of solar thermal collectors and processes and pointed out that exergy analysis is a valuable method to evaluate and compare possible configurations of solardriven trigeneration systems. Bellos and Tzivanidis [10] investigated a solar-driven trigeneration system using the parabolic trough collectors, an ORC, and an absorption heat pump operating with the LiBr-H 2 O working pair. They studied eight different working fluids and six extra design parameters and found that toluene is the working fluid which leads to maximum exergetic output with n-octane and MDM to follow with 29.42%, 28.50%, and 28.35%, respectively. Freeman et al. [11] examined a domestic-scale solar combined heating and power system with an ORC engine and a nonconcentrated solar thermal collector array. They found that R245ca has the highest net annual work output of the investigated working fluids. Zhang et al. [12] compared two kinds of solar-driven cogeneration systems in Lhasa and found that parallel mode is superior to the series mode when the solar collector is FPC and series mode is superior to the parallel mode when the solar collector is PTC and when the solar collector is ETC; it depends on the temperature of the return heating water.
A few studies have examined the solar collectors integrated with an ORC for electrical power production [13] [14] [15] [16] [17] [18] [19] [20] [21] . Delgado-Torres and García-Rodríguez [13] carried out thermodynamic investigations of a solar ORC with four different models of stationary solar collectors by comparing various working fluids. Results showed that the system has the highest overall energetic efficiency for the working fluids R245ca and R245fa. Wang et al. [14, 15] proposed and tested a low-temperature solar ORC system utilizing R245fa as the working fluid. The overall power generation efficiency was 4.2% when the solar collectors were the evacuated tube collectors (ETC), while it was 3.2% under the condition of flat plat collectors (FPC). He et al. [16] built a model for a typical thermal power generation system with the PTC and ORC within the transient energy simulation package TRNSYS and found that pentane had the best performance among three organic working fluids, R113, R123, and pentane. Pei et al. [17, 18] found that the overall electrical efficiency was about 8.6% when a solar irradiation of 750 W/m 2 was assumed in a low-temperature solar thermal electric generation system based on compound parabolic collectors (CPC) and ORC. Cau and Cocco [19] evaluated the annual performance of a 1 MW solar ORC plant comparing parabolic trough with linear Fresnel solar collectors and found that the linear Fresnel collectors lead to higher values of electrical energy production per unit area of occupied land. Ruzzenenti et al. [20] conducted a life cycle and an exergy life cycle analysis for microscale geothermal-solar ORC plants for cogeneration of power and heat. Baccioli et al. [21] studied the dynamic behavior of a small solar plant with static compound parabolic collectors and an ORC in Italy. It was found that the specific production of the plant increases with the concentration ratio and with the decrease of latitude.
According to the literature review, there is no corresponding study on the form and the operating mode of the solar-driven cogeneration system consisted of solar collectors and ORC based on building heating load. This paper mainly discusses the form and operation mode of the solar-driven cogeneration system with various collector types.
System Descriptions
This paper mainly analyzes the following two aspects:
(1) When the building heating load (refers to the daily accumulated heat load of the building) is greater than the effective heat collection (daily heat collection) of the solar collectors, form (a) or form (b) should be adopted, as shown in Figure 1 . Form (a) can generate electricity, if the auxiliary heat source for air source heat pump is equivalent to reduce the energy consumption of air source heat pump. Therefore, the total heat provided by the form is equivalent to the heat generated by condensation heat of the ORC subsystem plus the heat of the air source heat pump driven by the generated electricity of the ORC subsystem. While in form (b), the collector can run at a lower temperature, with higher efficiency, so more effective heat collection can be obtained (2) zWhen the building heating load (refers to the daily accumulated heat load of the building) is less than the effective heat collection (daily heat collection) of the solar collectors, form (a) or form (b) should be adopted, as shown in Figure 2 . In form (a), the hot fluid from the solar collection and heat storage subsystem enters the ORC subsystem to generate electricity. The condensing heat is partly used for 2 International Journal of Photoenergy heating and partly cooled by the cooling device. This form makes full use of energy cascade utilization, but the efficiency of the ORC subsystem is low due to the heat supply temperature limitation.
In form (b), the hot fluid from the solar collection and heat storage subsystem is partly used for heating and partly for solar power generation. The condensing temperature of the ORC subsystem can be greatly reduced, and the power generation efficiency is higher 
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For the convenience of analysis, this paper makes the following assumptions:
(1) The solar collector subsystem and the heat storage subsystem are considered as a whole, and the heat loss of the heat storage subsystem is not taken into account, so the heat collection of the solar collector subsystem is stored by the heat storage subsystem when there is surplus (2) Energy conservation when heat energy is transferred between modules (3) The energy consumption of the circulating pump of the heat storage subsystem and heat supply subsystem is not considered (4) It is assumed that the temperature difference between the inlet and the outlet of the solar collector, the temperature difference between the inlet and the outlet of the ORC subsystem, and the temperature difference of the heating circulating water are equal (5) The auxiliary heat source is air source heat pump 
where A col and G eff represent the area of the solar collector subsystem and the effective radiation on them. η col represents the efficiency of solar collectors. c p,col and m col represent the specific heat at constant pressure and the mass flow rate of the fluid in the solar collectors, respectively. t col,in and t col,out represent the inlet and outlet temperature of the solar collectors. η col is generally calculated by equation (2) and the corresponding coefficients a 0 , a 1 , and a 2 are given by experiments.
where t a represents the ambient temperature,°C.
Coefficients a 0 , a 1 , and a 2 are given in the literatures [22] [23] [24] [25] [26] , and the specific values are shown in Table 1 .
As can be seen in Table 1 , a 0 is basically between 0.7 and 0.8, with little change, while a 1 varies widely. For FPC and ETC, a 2 is generally not considered. For PTC, when the temperature of solar collectors in 120~150°C, approximately equation (3) can be derived. Therefore, this paper mainly analyzes the influence of the value of a 1 on the form of the cogeneration system.
3.2. ORC Subsystem. The thermal process of the ORC subsystem is shown in Figure 3 . The process 5-1 in the evaporator is given by equation (4) . The pinch point temperature of the evaporator can be described as equation (5).
Δt evap = t 8 − t 6 5
Process 1-2 in the screw expander is given as follows:
Process 2-4 in the condenser is given as follows:
The pinch point temperature of the condenser can be described as follows:
Δt cond = t 3 − t 9 8
Process 4-5 in the ORC pump is given as follows:
The net power output of the ORC system is as follows:
The thermal efficiency of the ORC system can be calculated as follows:
3.3. Cooling Device. According to the literature [27] , the power consumption of the cooling device is given by equation (12) , where w cond is the power consumption of the cooling device per unit cooling load.
3.4. Auxiliary Heat Source. The auxiliary heat source adopts CO 2 air source heat pump; COP of which is mainly related to the ambient temperature (t a ) and the outlet temperature (t c ) of hot water. According to the product sample provided by the equipment manufacturer, the surface model of the COP of the CO 2 air source heat pump is obtained, as shown in Figure 4 . The calculation formula of COP is given as follows:
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where Q load represents heating load of buildings. c wat and m wat represent the specific heat and the mass flow rate of heating water. t n,g and t n,h represent the supply and return water temperature of heating water. 6 International Journal of Photoenergy paper. The calculation flow chart is shown in Figure 5 . Some input parameters are shown in Table 2 . In order to verify the accuracy of the calculation model, the calculation results and the experimental data provided by the equipment manufacturer are compared at the same condition, as shown in Table 3 . And the experimental site is shown in Figure 6 .
Analysis and Discussion
From Table 3 , it can be seen that the relative error is less than 5%, indicating that the calculated model is reliable.
According to the program, after some calculation, this paper obtained the surface model of the thermal efficiency of the ORC subsystem when the temperature difference is 5°C between the inlet and outlet of the evaporator, as shown in Figure 7 . The calculation formula of thermal efficiency is given as follows:
When the temperature difference is not 5°C between the inlet and outlet of the evaporator, the thermal efficiency of the ORC subsystem has a linear relationship with the temperature difference of thermal fluid inlet and outlet of the evaporator, as shown in Figure 8 .
Finally, the calculation formula of thermal efficiency is given as follows: 
where Q use−fa represents the effective heat collection of the solar collector subsystem and the inlet temperature when the power generation is maximum. η ORC−n represents the thermal efficiency of the ORC subsystem when t L,in is t n,h . The total heat supply of form (b) can be calculated as follows:
where Q use−n represents the effective heat collection of the solar collector subsystem and the inlet temperature is t n,h .
If the value of ΔQ is greater than 0, then form (a) is better than form (b); on the other hand, form (b) is better.
After the calculation, it can be obtained as follows: 
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For the Lhasa region, the average effective solar radiation G eff and the average ambient temperature t a are determined values and the value range of a 0 does not change much. Therefore, this paper mainly analyzes the influence of the value of a 1 and the value of t n,h on the form of the cogeneration system. Figure 9 shows the value of ΔQ and the inlet temperature of form (a) under different a 1 and t n,h . It can be seen that with the increase of a 1 , the value of ΔQ decreases quickly at first and then slowly increases at some point and the inlet temperature of form (a) gradually reduces. Therefore, when a 1 is greater than 4.0, the thermal efficiency of the ORC subsystem is very low, which means that the form (a) cannot be adopted.
The value of ΔQ is greater than 0 when a 1 is less than 0.45, and only PTC meets the condition from Table 1 . That is, form (a) is better for PTC and form (b) is better for FPC and ETC.
When the Building Heating Load Is Less than the
Effective Heat Collection. The total power generation of form (c) can be calculated as follows:
The total power generation of form (d) can be calculated as follows:
where η ORC−a represents the thermal efficiency of the ORC subsystem when t L,in is the value of return water temperature of the cooling device.
If the value of ΔW is greater than 0, then form (c) is better than form (d); on the other hand, form (d) is better.
After the calculation, it can be obtained as follows: International Journal of Photoenergy It is thus possible to obtain
Therefore, the form of the cogeneration system is determined by the ratio between the heating load of buildings and the effective heat collection of the solar collector subsystem when the building heating load is less than the effective heat collection.
Results

Form of the Cogeneration
System. According to the analysis in Section 4.2, no matter what type of the collector the cogeneration system adopts, the form is the same, as shown in Figure 10 . V1~V5 are solenoid valves.
Operation Modes of the Cogeneration System.
Although the form of the cogeneration system is the same for different types of the solar collectors, the operation modes are different for PTC and FPC or ETC. (1) PM1: for cloudy and rainy days, when the effective heat collection of the solar collector subsystem is 0. V1~V4 are off and V5 is on (2) PM2: when the condensing heat of the ORC subsystem is less than the heating load and greater than 0. V1, V4, and V5 are on. V2 and V3 are off (3) PM3: when the condensing heat of the ORC subsystem and the heating load are equal. V1 and V4 are on. V2, V3, and V5 are off (4) PM4: when the condensing heat of the ORC subsystem is slightly greater than the heating load. V1, V3, and V4 are on. V2 and V5 are off (5) PM5: when the condensing heat of the ORC subsystem is much greater than the heating load. V1, V2, and V3 are on. V4 and V5 are off (6) PM6: for nonheating season, when the heating load is 0. V1 and V3 are on. V2, V4, and V5 are off
The specific state of the solenoid valves in different operating modes is shown in Table 4 .
For example, when coefficients a 0 , a 1 , and a 2 of PTC are 0.762, 0.2125, and 0.001672, respectively, t col,in is 140°C, t a is 15°C, t n,h is 40°C, and G eff is 600 W/m 2 , after the calculation, the value of η ORC−a is 0.1073, and the value of credited η ORC−n is 0.0844. That is, when the value of Q load /Q use is greater than 0 and less than 0.213, the cogeneration system runs in PM5 mode. When the value of Q load /Q use is equal to 0.213 or greater than 0.213 and less than 0.916, the cogeneration system runs in PM4 mode. When the value of Q load /Q use is equal to 0.916, the cogeneration system runs in PM3 mode. When the value of Q load /Q use is greater than 0.916, the system runs in PM2 mode, which is shown in Figure 11 . The specific state of the solenoid valves in different operating modes is shown in Table 5 . Q use−n is the heat collection when the inlet temperature of the solar For example, when coefficients a 0 and a 1 of ETC are 0.82 and 2.19, respectively, t col,in is 110°C, t a is 15°C, t n,h is 40°C, and G eff is 600 W/m 2 , after the calculation, the value of η ORC−a is 0.0899, the value of η ORC−n is 0.0669, the value of η col−n is 0.7288, and the value of η col−d is 0.4732. That is, when the value of Q load /Q use−d is greater than 0 and less than 0.255, the cogeneration system runs in TM5 mode. When the value of Q load /Q use−d is equal to 0.255 or greater than 0.255 and less than 0.933, the cogeneration system runs in TM4 mode. When the value of Q load /Q use−d is equal to 0.933 or greater than 0.933 and less than 1.54 or equal to 1.54, the cogeneration system runs in TM3 mode. When the value of Q load /Q use−d is greater than 1.54, the system runs in TM2 mode, which is shown in Figure 12 .
Conclusions
This paper mainly analyzes the form and the operation mode of the solar-driven cogeneration system consisting of solar collectors (PTC, FPC, and ETC) and ORC based on the building heating load. The main results are as follows:
(1) A calculation model of the ORC power generation device is established, and the accuracy of the model is verified by the experimental data provided by an equipment manufacturer. Based on this calculation model, the fitting formula of the thermal efficiency of the ORC power generation device is obtained (2) Both the optimal form and the optimal operation mode of the cogeneration system are determined. 
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The optimal form is the same no matter which type of the collector (PTC, FPC, and ETC) the cogeneration system adopts, while the optimal operation modes are two kinds based on whether the coefficient a 1 of the solar collectors is less than 0.45, and only PTC meets the condition Water. 
